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Sex Pheromones in Snakes

RoOBERT T. MAsoN, HENRY M. FALEs, TAPPEY H. JONES,
Lewis K. PANNELL, JoEN W. CHINN, DAvID CREWS

The majority of pheromones identified to date are insect pheromones, which are
volatile in nature. Identification of nonvolatile pheromones have been relatively rare,
especially in vertebrates. Male and female garter snakes use pheromones to mediate
sexual behavior. The female sex attractiveness pheromone of the Canadian red-sided
garter snake, Thamnophis sirtalis parietalis, consists of a novel series of nonvolatile
saturated and monounsaturated long-chain methyl ketones, whereas the male sex
recognition pheromone contains squalene. These compounds were isolated, identified,
and partially synthesized, and field tests show them to be biologically active.

ORE THAN 50 YEARS AGO, NOBLE

(1) showed that tongue-flicking

behavior in male garter snakes
serves to deliver nonvolatile sex pheromones
sequestered on the female’s dorsum to the
male’s vomeronasal organ. Unlike the ma-
jority of insect pheromones studied to date,
garter snake pheromones are not produced
by a discrete gland (2); rather, they are
components of the integumental skin lipids
found in all terrestrial vertebrates and similar
to the cuticular lipids of insects that often
also serve a pheromonal function (3). In
garter snakes, if the pheromones are not
present on the female’s skin or the male is
unable to perceive them, males will not
exhibit courtship behavior (1, 4). Previous
investigations (2) on the isolation and iden-

tification of the sex attractiveness phero-
mone indicated that the pheromone is
chemically related to the yolking protein
vitellogenin, or lipid-rich subunits of this
molecule, and is sequestered in the female
skin. Subsequent research (5) on the trans-
port, immunoreactivity, and field tests of
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Fig. 1. Courting males exhibiting courtship be-
havior to chemical cues on the paper towel.
Bioassays were conducted by pouring 1 ml of a
solution of the extract (1.5 mg/ml) onto a paper
towel and placing it in the den where courting
male garter snakes had access to it. The number of
total males responding with increased tongue-
flick rates and chin-rubbing behavior for more
than 30 seconds was counted for 5 minutes and
compared to solvent controls. There were ten
repetitions for each trial and all subsequent moni-
toring of materials followed this procedure.

circulating vitellogenin prevent equating the
pheromone with vitellogenin. An alternative
approach was therefore undertaken to study
the attractiveness pheromone at the skin
surface.

We have isolated, identified, and synthe-
sized two classes of nonvolatile sex phero-
mones produced by female and male red-
sided garter snakes, Thamnophis sirtalis parie-
talis. The female sex attractiveness phero-
mone consists of a series of previously
undescribed long-chain (Cy to Cs;) saturat-
ed and monounsaturated methyl ketones.
The male sex recognition pheromone in-
cludes squalene and other unidentified skin
lipid components. Although pheromonal
communication is evident in all orders of
Reptilia, this is to our knowledge the first
identification of sex pheromones in that
class.

During the spring mating season in Mani-
toba, Canada, male garter snakes emerge
from underground hibernacula and aggre-
gate by the thousands. Females emerge spo-
radically during the 4-week breeding season
and are immediately surrounded by 10 to
100 males forming a “mating ball” (6).
Courtship in the male is characterized by
two behaviors: an increased tongue-flick
rate and chin-rubbing behavior in which the
male moves up and down the female’s back,
repeatedly rubbing his chin along her dorsal
skin.

Adult, sexually attractive, unmated fe-
males (n = 18) and males (n = 24) were
collected in the field near Narcisse, Manito-
ba, in 1986. The animals were killed with an
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overdose of brevital sodium and their skin
lipids extracted with hexane (7). This extrac-
tion yielded an average of 38.4 mg of lipid
per female and 8.4 mg per male. Compari-
son of male and female skin lipids showed
clear qualitative and quantitative sex differ-
ences (8). Female extracts, but not male
extracts, were attractive to sexually active,
courting males in the bioassay (9).

Having thus determined that hexane ex-
tracts of female snakes contained the phero-
mone, we fractionated extracts of females on
an alumina activity III column with hexane
and ethyl ether as the mobile phase (10)
generating 21 fractions. Only one fraction
(fraction 5, 98% hexane:2% ethyl ether,
117.5 mg), elicited courtship behavior from
males (Fig. 1).

The active compounds in this fraction
were identified by infrared (IR) (11), gas
chromatography—mass spectrometry (GC-
MS) (12), nuclear magnetic resonance
(NMR) spectroscopy (13), and formation of
derivatives. The GC-MS suggested the pres-
ence of a homologous series of saturated and
monounsaturated methyl ketones (Fig. 2)
and 'H NMR confirmed this. The locations
of the double bonds were determined from
the mass spectra of the bis thiomethyl ether
derivatives of the ketones (14) and their N-
methoximes (15). Cledvage between the vic-
inal thiomethyl groups provided two charac-
teristic ions for each olefinic compound, and

the methoxime moiety permitted assign-
ment of the carbonyl function to one of
these fragments (16). Two major cleavage
ions for each unsaturated compound al-
lowed identification of the mixture as a
homologous series of saturated and -9 cis-
unsaturated methyl ketones.

Two of the major saturated peaks (422
and 450) were prepared (17) and found
identical in all respects to the natural materi-
als. The unsaturated ketones are novel com-
pounds that are currently being synthesized.
Subsequent to identifying these compounds
in the extracts, we tested them in the bioas-
say. The synthetic ketones were tested with
male snakes in the field along with the
natural material and several other com-
pounds identified in the garter snake skin
lipids (Table 1). Although the results
showed that male garter snakes responded
to the synthetic methyl ketones at essentially
the same level as the natural saturated meth-
yl ketones, the natural unsaturated methyl
ketones were significantly more effective in
eliciting male courtship. Indeed, they were
not significantly different from the entire
mixture of naturally occurring methyl ke-
tones.

Noble (1) showed that males do not
normally court other males, presumably bas-
ing this discrimination on pheromonal cues.
Recent work has suggested that a male sex
recognition pheromone also exists which
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Fig. 2. Gas chromatogram of methyl ketones of female red-sided garter snakes, Thamnophis sirtalis
parietalis. The numbers over the peaks are the molecular weights. The insets are mass spectra of a
saturated methyl ketone and a monounsaturated methyl ketone. TIC, total ion chromatogram; RIC,

reconstructed ion chromatogram.
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identifies them to other courting males as
unsuitable individuals to court (18). In the
field, courting males investigate all individ-
uals that they contact; most males are sum-
marily ignored whereas females are instantly
recognized and courted. There are two pos-
sible mechanisms by which males could rec-
ognize each other. One mechanism is that
any individual that does not have the female-
specific pheromones must be a male and is
therefore not courted. Alternatively, males
might possess specific chemical cues, not
present in females, that identify them as
males and thus inappropriate individuals to
court. Evidence supports the second hy-
pothesis: when hexane extracts of males
were added to female extracts, male court-
ship ceased (19). This decline in courtship
behavior was not due to habituation to the
stimuli as males presented with fresh paper
towels containing the female attractiveness
pheromone resumed courtship promptly.
The results of this experiment indicate
that some compound or compounds are

Table 1. Ficld bioassay results. Each compound
was tested in ten trials with ten snakes per trial;
different snakes were used for all compounds and
between trials of the same compound. Of chief
interest, the synthetic saturated methyl ketones
elicited significantly greater courtship behavior
than the control substance (P < 0.012), indicat-
ing that an active component of the pheromone
has indeed been identified and produced. The
natural compounds (all in hexane) indicate the
range of response that was obtained. In particular,
the unsaturated methyl ketones of fraction 5
elicited a significantly stronger response than the
saturated methyl ketones of fraction 5
(P < 0.006), whereas the responses to saturated
methyl ketones, whether synthetic or natural,
were not significantly different (P = 0.5). Tests
involved randomization of the data with Bonfer-
roni corrections, treating the score for each trial
(not each snake) as a datum. The trial values were,
for each compound: fraction 5 (6, 8, 10, 9, 9, 10,
7,9, 10, 10); saturated methyl ketone (2, 1, 0, 2,
1, 2,0, 1, 2, 3); unsaturated methyl ketone (5, 4,
8,9,8,9, 10,5, 7, 7); synthetic saturated methyl
ketones (2, 1, 4, 2, 1, 0, 0, 3, 2, 2); all other
values were zero. Each value represents the num-
ber of male snakes (out of ten animals) exhibiting
courtship behavior in response to the compound.

Compound Males
tested responding
(%)
Natural compounds
Fraction 5 88
Saturated methyl ketones 14
of fraction 5
Unsaturated methyl ketones 72
of fraction 5
Fractions 1-4 and 6-21 0
Synthetic compounds
Synthetic methyl ketones 17
Control (hexane) 0
Cholesterol 0
Palmitic acid 0
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present in the skin of male garter snakes that
prevent courtship. Hexane washes of males
were fractionated by column chromatogra-
phy as described earlier. Interestingly, frac-
tion 2 contained a single compound (squa-
lene) that appeared on both thin-layer chro-
matography plates and GC-MS data on
males but not females. Males courted female
hexane-extracted skin lipids but significantly
fewer males courted female extracts in the
presence of squalene. However, the diminu-
tion of male courtship response was not as
great as the response elicited by the whole
male skin lipid extract. Thus, we conclude
that squalene is one component of the male
sex recognition system. Other components
remain to be identified.

There exists in the red-sided garter snake a
natural experiment that allows us to test the
hypothesis that sex-typical sex pheromones
exist. There are a small subset of males in
wild populations that are courted by other
males as if they were females. These female
mimics or she-males (20) confuse other
courting males and thus gain a decided
advantage in the highly competitive mating
balls. If what we have found in males and
females is correct, she-males provide a good
model for contrasting the pheromone sys-
tems of males and females. Hexane washes
from she-males elicited chin-rubbing behav-
ior from males and analyses showed that the
methyl ketones of she-males were propor-
tionally different from those of both males
and females. However, and perhaps more
importantly, squalene was absent from the
skin lipid components of she-males, thus
rendering them more similar to females in
their skin lipid chemistry than to males.

Methyl ketones have long been known to
be active as pheromones in mammals (27)
and insects (22, 23), as well as alarm and
defensive secretions (24). However, reports
of such long-chain methyl ketones are rare.
Long-chain methyl ketones have been de-
scribed as an allomone in the fruits of Evodia
hupehensis (25), as well as a potential phero-
mone in the German cockroach Blattella
germanica (26). Long-chain methyl ketones
have been described in snake skin lipids (27).
However, there were no behavioral data
pertaining to possible semiochemical func-
tion in these studies. Interestingly, the un-
saturated methyl ketones in the latter study
all had double bonds in the w-7 position,
whereas we find the double bonds all in the
-9 position, suggesting that they are oleic
acid— rather than palmitoleic acid—derived
(23).

Our study also shows that squalene and
other components in male skin surface lipids
are acting as male sex recognition phero-
mones in male garter snakes. Squalene is a
major component of the surface lipids of

man whereas it occurs only in traces, if at all,
in other animals (28). However, rat prepu-
tial gland is known to produce significant
quantities of squalene (29). The odor of
preputial glands of male rodents is attractive
to the opposite sex and also leads to aggres-
sive behavior among males (30).

We do not yet know how general these
results are in other reptiles. However, it may
be hypothesized that variation in the chain
length and position and geometry of the
double bonds of these methyl ketones may
impart species-specific information to court-
ing male garter snakes.
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Pulmonary
Aquatic Snake

Blood Flow Regulation in an

HARVEY B. LILLYWHITE AND JOHN A. DONALD

Regulation of pulmonary blood flow was studied during voluntary diving in the
aquatic file snake, Acrochordus granulatus. Measurements of pressure and blood flow in
pulmonary and systemic vessels indicate that blood flow completely bypasses the lung
for significant periods during prolonged and quiescent submergence (greater than 30
minutes). When the lung is ventilated, pulmonary blood flow increases to 36 milliliters
per minute per kilogram of body mass (measured in the anterior pulmonary artery),
and the cardiac output largely bypasses the systemic circulation. These reciprocating
patterns of preferential blood flow reflect inverse relations between flow and vascular
resistance, with the result that systemic and pulmonary arterial pressures remain
virtually constant throughout repetitive dive cycles. Neuropharmacological studies of
freely diving snakes and isolated, perfused lung preparations show that pulmonary
blood flow is regulated by an interplay of adrenergic vasodilatation and cholinergic
vasoconstriction within the densely innervated lung vasculature. The patterns of blood
circulation shown by diving Acrochordus reflect an unusual lability of intracardiac

shunts.

N AMPHIBIANS AND NON-CROCODIL-

ian reptiles, a single ventricle allows

redistribution of cardiac output be-
tween systemic and pulmonary vessels by
way of central cardiovascular shunts. Such
shunts are especially pronounced in aquatic
species in which perfusion of the lung close-
ly matches its ventilation (7). Although pat-
terns of cardiovascular shunts are docu-
mented in several diverse species, knowledge
of their controlling mechanisms is rudimen-
tary. We investigated the regulation of pul-
monary blood flow as it relates to diving
behavior in the aquatic file snake, Acrochor-
dus granulatus (2). We report that both sym-
pathetic and parasympathetic components
of the autonomic nervous system play inter-
active roles in regulating pulmonary blood
flow in precise correspondence with ventila-
tion and intracardiac shunts. Although the
sympathetic (adrenergic) innervation of pul-
monary vascular beds has been studied in
mammals, little is known concerning a pos-
sible antagonistic interplay of parasympa-
thetic and sympathetic nerves as occurs in
the heart (3). Such activity in Acrochordus
profoundly changes pulmonary perfusion
and the magnitude of intracardiac shunts
during repetitive dive cycles.

The species we studied is particularly in-
teresting because of its adaptations to pro-
longed submergence in shallow, aquatic
habitats. These include low metabolic rate,
comparatively large volume and oxygen ca-
pacity of blood, large pulmonary oxygen
stores, high-affinity pH-sensitive hemoglo-
bin, and cutaneous gas exchange (4). File
snakes possess sufficient oxygen stores to
sustain aerobic dives for 1.5 to 2 hours
(minimally), whereas some individuals can
remain submerged for as long as 3 to 5
hours (4). As in all three species of the genus

and family, typical breathing episodes con-
sist of two to four breaths spaced over
several minutes, during which lung gases
reequilibrate with air, CO, stores are re-
leased, and the blood is saturated with oxy-
gen (5).

The most prominent cardiovascular event
associated with the ventilatory period is a
large increase of pulmonary blood flow (Qp)
attributable to tachycardia, a decrease in
pulmonary vascular resistance and a left to
right shunt of the ventricular outflow (Fig.
1). Ventilatory tachycardia typically entails
four- to sevenfold increases of heart rate
over submergence values (mean maximum
rate = SD = 25.7 + 3.3 beats per minute;
n = 47 dives in seven animals) (Fig. 1).
However, the increase of Qp during ventila-
tion entails a net left to right cardiac shunt as
well, for systemic blood flow (Qs) measured
in the dorsal aorta, carotid artery, or either
aortic arch does not mirror the increases of
Qp during ventilation. More usually, Qp and
Qs change in a reciprocating manner, and
changes of stroke flow in pulmonary and
systemic vessels are inversely related during
ventilatory episodes as well as during diving
when the cardiac output shifts predominant-
ly to the systemic circuit (Fig. 1). Character-
istically, Q, increases more than tenfold
while Q, approaches zero during ventilation
(6). Thus, the major fraction of ventricular
outflow is directed to the lung during venti-
latory episodes.

Both systemic and pulmonary arterial
pressures are relatively constant throughout
dive cycles, except for occasional, small
changes of pulmonary pressure which are
coincident with ventilatory tachycardia and
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